1. Despite the ubiquity and abundance of water striders (Hemiptera: Gerridae) in temperate streams and rivers and their potential usefulness as sentinels in contaminant studies, little is known about their feeding ecology and lipid dynamics.
2. In this study we used stable isotopes of carbon ( 13 C) and nitrogen ( 15 N) and elemental carbon to nitrogen ratios (C/N) to assess dietary habits and lipid content, respectively, for water striders.
3. To determine diet-tissue fractionation factors, nymphs of the most common species in New Brunswick, Canada, Aquarius remigis Say, were reared in the laboratory for 73 days and exhibited rapid isotopic turnover in response to a switch in diet (C half-life = 1. The ability to study the ecology of wild animal populations has been expanded greatly in the last 25 years through the use of stable isotope analysis (SIA). SIA has improved our understanding of energy pathways (e.g. Hecky and Hesslein 1995), animal movement patterns (Hobson 1999) , effects of invasive species (e.g. Vander Zanden et al. 1999 ) and contaminant biomagnification (e.g. Cabana and Rasmussen 1994) . Accurate measurements of food source pathways are important in conservation and management (Araujo-Lima et al. 1986 ) and in understanding larger patterns in food webs (Post et al. 2000) . Stable carbon isotope ratios ( Over time, our ability to use SIA to answer ecological questions has improved through the use of rearing experiments that have established diet-tissue fractionation (Post 2002 ) and elemental turnover rates (Dalerum and Angerbjorn 2005) for the target species and tissues of interest (Hobson and Clark 1992) , the advent of mathematicallysound mixing models to assess diet (Phillips and Gregg 2001) , and the means to account for the effects of endogenous lipid synthesis on tissue  13 C values (Kiljunen et al. 2006 ).
However, many of the laboratory rearing experiments were aimed at understanding isotopic fractionation and turnover in birds (e.g. Hobson and Clark 1992) and fishes (e.g. Suzuki et al. 2005) , with fewer studies on insects (e.g. Ostrom et al. 1997) . Furthermore, often impair precise estimates of diet for field populations for which no diet-tissue fractionation estimate is available (Jardine at al. 2006 ). This necessitates the use of rearing experiments to establish diet-tissue fractionation in cases where there is an interest in inferring field diets using stable isotopes.
In addition to its traditional application of answering ecological questions, SIA has proven useful as a tool to understand the nutritional state of consumers, including the recycling of proteins during starvation (Hobson et al. 1993 ) and the synthesis and storage of lipids (Cherel et al. 2005) . Elemental carbon to nitrogen ratios (C/N) are indicators of lipid content of an organism (McConnaughey and McRoy 1979) , with higher C/N values associated with higher % lipid due to the presence of long chain fatty acids and a low proportion of N-bearing proteins (Campbell 1995) . Given that C/N data is often provided alongside  13 C and  15 N, a simultaneous assessment of diet and lipid content can be conducted (Cherel et al. 2005 ).
Water striders (Hemiptera: Gerridae) are predaceous insects that are ubiquitous and abundant on lakes and slow-moving sections of streams and rivers of temperate and tropical regions (Spence and Andersen 1994) . In North America, adults of one common species (Aquarius remigis Say) overwinter and return to streams following ice-out (Fairbairn 1985) . They breed and then senesce in the spring, producing a new generation of nymphs by mid-summer that store lipids in late summer after their development to adulthood (Lee et al. 1975 ). While it is generally known that water striders feed mainly upon terrestrial and aquatic insects trapped in the surface film of the streams (Matthey 1974 , MacLean 1990 , little is known about the relative contributions of these two food (Svensson et al. 2002) . Consequently, striders could serve as general indicators of the overall flow of energy to predatory insects and fishes, and may also potentially be used for determining if changes occur in the importance of different carbon sources in an upstream-downstream direction in rivers (Vannote et al. 1980, Thorp and Delong 1994) . Due to their ubiquity and abundance and potential importance as conduits of energy into small streams, water striders therefore offer a good model to study feeding ecology and nutritional status in animal populations. Striders are also recently gaining attention as environmental sentinels for heavy metal contamination (Jardine et al. 2005 , Nummelin et al. 2007 . Because much of the contaminant burden in an animal comes from its diet (Hall et al. 1997 ) and because contaminant concentrations can be affected by growth, sex, and season, it is important to understand strider dietary and life-history patterns.
In order to investigate feeding ecology in the most common water strider species in New Brunswick streams (A. remigis) and the relative importance of terrestrial and aquatic carbon to its diet in time and space, we began by conducting a laboratory dietswitch experiment to measure diet-tissue isotope fractionation and turnover rates. We then repeatedly sampled striders and potential food sources from four NB stream sites over the growing season to determine the temporal changes in isotope ratios and C/N in field populations. Adult gerrids in temperate climates typically have one to three generations per year (Galbraith and Fernando 1977, Fairbairn 1985) , and they accrue lipids over the course of the growing season prior to overwintering (Lee et al. 1975) . We therefore predicted that C/N, a proxy for lipid content (McConnaughey and McRoy 1979) , would increase from spring to fall. Finally, we sampled water striders (mainly A. remigis but also the less common Metrobates hesperius Uhler) and aquatic vegetation from a large number of streams representing a range of sizes and used SIA to assess food source pathways for striders in relation to the size of the system in which they were living. These studies were conducted to better understand the feeding ecology of the water strider and illustrate the value in pairing field and laboratory observations to better understand ecological and nutritional processes in a predatory aquatic invertebrate. removed from each of the two tanks on days 0, 1, 2, 4, 8, 16, 23, 31, 41, 48, 54, and 61, and from one tank on days 68 and 73. The amount of food added to the tanks was adjusted over the course of the experiment in response to decreased strider densities, with approximately one cricket added for every two striders present. Striders from the source stream (Cow Pasture Brook) were also re-sampled on day 51 of the experiment to compare isotope ratios with changes observed as a result of the diet-switch in the laboratory.
In the field, water striders were collected using hand nets from 81 stream sites in To characterize the different carbon sources in these streams, we collected aquatic mosses (Fontinalis sp.), macrophytes (e.g. Potomageton sp.), and filamentous algae (e.g. The pH of the streams ranged from 4.7 to 8.1, with the majority of values between 6.5 and 7.5. Most streams were therefore circumneutral or acidic and calcareous soils are uncommon in New Brunswick, hence we did not acidify our biofilm samples to remove carbonates that can confound  13 C.
All samples for SIA were oven-dried @ 60ºC for 48h and ground to a powder using a mortar and pestle, or ball-mill grinder. Samples were analyzed for stable carbon For the field data, strider  13 C was adjusted for lipids (using C/N) and diet-tissue fractionation (multiplying by two to represent the two trophic levels from primary producers to striders) and then used to estimate percent aquatic carbon in the diet.
Comparisons of percent aquatic carbon in the diet of striders to stream size (order) at the 45 sites sampled in the fall were made using linear regressions. To examine whether dietary habits or lipids varied significantly over time or between sexes at the four streams that were regularly sampled, we grouped our data into two generations, the first that Table 1 and generation (fixed factor: post-and pre-winter). Paired comparisons of differences among levels of fixed factors were made using the Bonferroni test. Finally, average values for males and females were compared to those of nymphs for those times that they co-occurred (mainly summer) with two factors (stage -fixed, and site -random) in a GLM-ANOVA. Interactions and main effects were considered significant at  = 0.05 for all tests.
Results
In the laboratory, A. remigis nymphs grew rapidly on the cricket diet from a wet weight of 10.8 ± 5.2 mg (3.0 ± 1.5 mg dry weight (d.w.)) to a final wet weight of 49.3 ± 2.7 mg (21.2 ± 1.9 mg d.w.) as adults on day 73 of the experiment (Fig. 1a) . As is common in water striders (Fairbairn 2005) , females reached greater body sizes than (Fig. 3) .
Stable isotope ratios and C/N of striders varied among sexes and generations within the four streams (Table 1) (Table 1) due to increased reliance on aquatic carbon (Fig. 4) . In the spring and late summer, striders at Parks Brook had less than 40% of their carbon coming from aquatic sources (Fig. 4) (Table 1) , and this was similar in timing and magnitude to the increase in C/N observed in our experimental population (Fig. 1b) .
Across streams, there were significant differences in stable isotope ratios and C/N. No interactions, including three way interactions (sex x generation x site), were significant (p > 0.05). For  13 C adj , there were significant differences among sites (p < 0.001) but no differences among sexes (p = 0.056) or generations (p = 0.913). There were no differences in 
13
C adj between adults and nymphs (p = 0.298, Table 1 ). Strider 
Discussion
By combining a laboratory diet-switch experiment with field collections, we were able to use stable isotopes and C/N to gain insights into water strider feeding ecology and lipid dynamics. Our data indicate that striders have a strong connection to terrestrial carbon sources, particularly A. remigis inhabiting small streams. They also suggest that strider nymphs exhibit rapid elemental turnover during development, and that a pronounced increase in lipid synthesis occurs in late summer in advance of the overwintering period. Our estimates of turnover rate for nitrogen (half-life = 7.8 days) and carbon (halflife ≈ 2 days) were faster than has been previously observed in rapidly-growing ectotherms (Suzuki et al. 2005 ) and similar to metabolically active tissues, such as liver, in endotherms with high energy demands (Tieszen et al. 1983 ). The rapid turnover observed for striders may be due to a fast metabolism and resultant high energy demands characteristic of insects (Altman and Dittmer 1968) . The difference in half-life between carbon and nitrogen may be related to differential metabolic needs (e.g. energy vs. growth) during nymph development. Ostrom et al. (1997) We observed a better fit of the isotopic change model to our carbon-13 data when using  A second possibility for explaining the strong connection between A. remigis and terrestrial carbon may stem from reliance by striders on aquatic insects that directly process leaf litter and its associated microbes (Wallace et al. 1997) . Doucett et al. (1996) found a strong terrestrial  likely pathway for terrestrial carbon entering the diet of striders is via direct consumption of terrestrial insects. Our estimates of turnover rates suggest that isotope ratios in field populations should respond rapidly to changes in availability of different prey types provided those prey types have distinct isotope ratios. At Parks Brook where we were able to estimate % aquatic carbon over the course of the growing season, the peak in % aquatic carbon (~60% for males, females, and nymphs) was observed in mid-July and the importance of this carbon source declined thereafter. Striders are therefore likely to be opportunistic, feeding on emerging aquatic insects (both grazers that consumed aquatic carbon and shredders that processed leaf material) for a brief period while they are available in late spring and switching to terrestrial insects for their major growth phase in the summer.
M. hesperius was only present in lower reaches of rivers (order ≥ 4) suggesting
that this species may use more energy derived from aquatic food sources. However it was difficult to estimate source proportions using mixing models for this species; M. hesperius is far less common than A. remigis in New Brunswick streams, we lacked species-specific diet-tissue fractionation or lipid correction estimates, and aquatic vegetation 
13
C was similar to terrestrial vegetation at many sites where M. hesperius occurred. Only at eight sites were we able to estimate source proportions for this species and values of % aquatic carbon in their diets ranged from 25% to 100% (4% to 78% at our index site Parks Brook). M. hesperius rarely occurred in sympatry with A. remigis and was absent from all streams that were < ~8 m in width. Kittle (1977) similarly reported that M. hesperius occurred in large and medium-sized streams and was not typically found in association with other gerrids; where present, it was most commonly The extensive use of terrestrial carbon by A. remigis has implications for studies that seek to use this species to identify aquatic systems with high contaminant loads (Jardine et al. 2005 , Nummelin et al. 2007 . Given the importance of diet as the primary route of exposure of organisms to contaminants such as mercury (Hall et al. 1997 ), a disconnect between striders and emerging aquatic insects as a diet and contaminant source would limit their usefulness for monitoring pollutants in aquatic systems if the pollutants were originating in the aquatic environment. As air breathers that are not immersed in the aquatic environment, striders also lack a secondary source of exposure to contaminants (e.g. waterborne exposure to fishes) leaving diet as their only contaminant source. If the diet is composed primarily of terrestrial sources as observed here, strider contaminant concentrations will be more representative of processes occurring in the terrestrial environment, such as atmospheric deposition. collections were made outside of the brief period (the month of July) of increased use of aquatic carbon. The majority of our sites were sampled in August and September, a time that corresponds to when striders at Parks Brook were back to feeding on terrestrial carbon after short term reliance (> 50%) on aquatic sources. However, because the bulk of the diet is made up of terrestrial sources, as at Parks Brook where % terrestrial carbon averaged 73% when all sexes and dates were considered, sampling in late summer will indeed be appropriate as an indicator of long-term diet.
The large amount of error surrounding our estimates of % aquatic carbon in the diet of A. remigis is largely due to the variability in aquatic vegetation  C can vary widely (France 1995). Our sampling rigor was likely not appropriate to fully capture all variability within a site given our small sample sizes of aquatic vegetation (n = 1-3 pooled samples per site). However, our use of a laboratory dietswitch experiment allowed us to obtain a better estimate for diet-tissue fractionation for the species of interest, and hence derive more valid estimates of proportions of different dietary sources in our field populations. We recommend that future studies with stable isotopes perform simple laboratory rearing trials to gain this important information and better assess diet in wild animal populations. We also recommend close attention to the information provided by elemental C/N as both an indicator of the confounding influence of lipids on  Superscripts on dates refer to the grouping of generations (1 = adults that were hatched the previous year and overwintered, 2 = adults that were hatched in the current year) for statistical analysis. 
